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chains from several glycoproteins also have the type 1 structure (5) (6) (7) (8) . Methylation analysis, mass spectrometry, and NMR have been used to distinguish type 1 and type 2 structures, but large amounts of oligosaccharide are needed for these analyses. Another analytical method is P3-galactosidase digestion, which requires little oligosaccharide. Diplococcal 3-galactosidase specifically cleaves P1-4 galactosyl linkages but not p1-3 or 31-6 galactosyl linkages (9) . Thus one can conclude that oligosaccharides hydrolyzed by this enzyme have type 2 structure and that oligosaccharides not hydrolyzed by this enzyme do not have type 2 structure; however, type 1 structure cannot be identified directly with this enzyme.
Here, we describe an enzyme specific for the type 1 structure, produced by Streptomyces sp. 142, which also produces an a-L-fucosidase (a-L-fucoside fucohydrolase; EC 3.2.1.51) that specifically hydrolyzes terminal al-3 and al-4 fucosidic linkages in oligosaccharides (10) . This enzyme activity was found in the course of the preparation of a-fu- GlcNAcjBl-2Manal' 6 ManIBl-4GIcNAcpl-4GlcNAc-PA 3 6 Man31-4GCcNAcp1-4GlcNAc-PA 3 To prepare PA-poly(N-acetyllactosamine) [(3Gal13l-4Glc-NAc131-)"-PA], keratan sulfate from bovine cornea (Seikagaku Kogyo, Tokyo) was desulfated and labeled with 2-aminopyridine. After the labeling reaction, the PA-oligosaccharide was purified by HPLC with an amino-silica column (YMC pack PA-23 column, 10 x 250 mm). PA-oligosaccharide c was prepared from oligosaccharide b by digestion with f3-galactosidase from bovine testes. The amount of each purified PA-oligosaccharide was measured by gas chromatography (12) . (-Galactosidase from Diplococcus pneumoniae, which specifically hydrolyzes the Gal.81-4GlcNAc linkage (9), and f3-galactosidase from bovine testes, which has a wide substrate specificity (13) , were purchased from Boehringer Mannheim. Microorganism and Culture. Streptomyces sp. strain 142, isolated from a soil sample, was used. This strain can be obtained from the Fermentation Research Institute, Tsukuba, Japan. This strain produced lacto-N-biosidase as well as Abbreviation: PA, pyridylamino. *To whom reprint requests should be addressed.
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tThe enzyme preparation used here contained some a-1,3/4-fucosidase activity, so L-fucose was added to the reaction mixture to a final concentration of 0.1 M to inhibit a-fucosidase. The incubation time was 20 min and the amount of the enzyme used was 0.24 microunits. The enzyme did not hydrolyze the substrate under these conditions, and the relative activity was calculated to be 2% or less from the incubation time, the amount of the enzyme used, and the detection limit for PA-oligosaccharides by HPLC (0.05 pmol).
a-fucosidase when grown on a medium containing L-fUCOse as the sole carbon source as described (10) . Lacto-N-biosidase Assay. Lacto-N-biosidase was assayed by incubation for 20 min with a PA-oligosaccharide at the concentration of 2 ,uM at 37°C in 10 ,u of 0.1 M potassium phosphate buffer at pH 6.0. Then 40 yd of 1% trifluoroacetic acid was added to the reaction mixture to stop the reaction. A portion containing 10 pmol of PA-oligosaccharides was then analyzed by HPLC with an amino-silica column or a C18-silica column, and the labeled product was detected by fluorescence under the conditions described below. The degree of hydrolysis was calculated from the peak areas of the substrate and this product in comparison with the peak area of the corresponding standard PA-oligosaccharide. One unit of activity was defined as the amount of enzyme needed to release 1 ,umol of product per min under the conditions described above. In the standard assay, PA-oligosaccharide a was used as the substrate. a-Fucosidase Assay. a-Fucosidase was assayed with PAlacto-N-fucopentaose III as the substrate, and the reaction mixture was analyzed by HPLC with an amino-silica column as described elsewhere (10) .
Other Glycosidase Assays. Other exoglycosidase activities were assayed with the corresponding p-nitrophenylglycosides as the substrates. Here, 20 ,ul of purified lacto-Nbiosidase (8 milliunits/ml) was incubated for 16 h at 37°C in a final volume of 0.1 ml containing 0.3 M potassium phosphate buffer at pH 6.0 and 100 nmol of a p-nitrophenylglycoside. Then 0.2 ml of 1 M sodium carbonate was added to the reaction mixture to stop the reaction, and the absorbance of the reaction mixture was measured at 405 nm. One unit of activity was defined as the amount of enzyme needed to release 1 ,umol of p-nitrophenol per min under the assay conditions described above.
PA-oligosaccharides were also used as substrates in assays done to detect contaminating exo-and endoglycosidase activities. In this case, 50 microunits of enzyme was incubated for 16 h at 370C in a final volume of 10 pl of 100 mM potassium phosphate buffer at pH 6.0 and 2 uM PA-oligosaccharide b-f, j, or 1. After the incubation, a portion of the reaction mixture containing 10 pmol of PA-oligosaccharide was analyzed by HPLC with an amino-silica column under the conditions described below.
Protease Assay. Protease activity was assayed with the oxidized B chain of insulin as the substrate, and the reaction mixture was analyzed by HPLC with a C18-silica column (10) . The final enzyme preparation (80 microunits) was incubated for 16 h at 37(C.
Lacto-N-biosidase Digestion of PA-Oligosaccharide i. PAoligosaccharide i (about 100 nmol) mixed with lacto-Nbiosidase (total of 0.6 milliunits) prepared as described below was digested for 60 h at 370C in a final volume of 360 p1 containing 0.1 M potassium phosphate buffer at pH 6.0. The reaction was monitored by HPLC with a C18-silica column under the conditions described below. The reaction mixture was lyophilized and pyridylaminated by the method of Kondo et al. (11) . PA-oligosaccharides were then purified by HPLC with an amino-silica column under the conditions described below. Fractions 1 and 2 (see Fig. 4A ) were desalted by Sephadex G-15 chromatography, and portions containing 20 pmol of both fractions 1 and 2 were digested with ,3-galactosidases as described below. The structures of the oligosaccharides in fractions 1 and 2 were confirmed by mass spectrometry and 1H NMR measurements as described below. Preparation of Lacto-N-biodase. Lacto-N-biosidase activity was found in the course ofthe preparation of a-fucosidase. Thus the strain of Streptomyces sp., the culture conditions, and the initial two steps of the purification (extraction of enzyme, first CM-Sepharose CL-6B chromatography step, and second CM-Sepharose CL-6B chromatography step) were those for a-fucosidase, and only fractions with a-fucosidase activity were collected and pooled, since that was the enzyme we were interested in at first (10) . Unless otherwise stated, the procedures described below were done at 4°C. Cell-free extract was obtained from 5 to 13 ml. The concentrated enzyme solution was dialyzed against 300 volumes of 10 mM potassium phosphate at pH 6 .0. The dialyzed enzyme solution was chromatographed again on CM-Sepharose CL-6B (2.6 x 17 cm) equilibrated with 50 mM potassium phosphate at pH 6.0; the column was washed at a flow rate of 60 ml/h with two bed volumes of the initial buffer followed by a linear gradient of NaCl (0-0.3 M, 600 ml) in the initial buffer (fraction size, 3 ml). Fractions with lacto-N-biosidase activity (see Fig. 1 ) were pooled and concentrated to 5 ml, and 0.1% Brij 58 was added to stabilize the enzyme activity. This enzyme preparation was used in the studies described here.
RESULTS AND DISCUSSION
Lacto-N-biosidase Preparation. The activity of the lacto-Nbiosidase preparation from the CM-Sepharose CL-6B column ( Fig. 1) toward PA-oligosaccharide a was 107 milliunits/ mg. This enzyme preparation was assayed for a-fucosidase, a-mannosidase, a-galactosidase, (3-galactosidase, and a-Nacetylglucosaminidase activities toward synthetic p-nitrophenylglycoside substrates, but such activity was not found.
There was no sialidase, ,3-galactosidase, a-1,2-fucosidase, l3-N-acetylhexosaminidase, or endoglycosidase activity to- ward PA-oligosaccharides b-f, j, and 1; however, some a-1,3/4-fucosidase activity toward PA-lacto-N-fucopentaoses II and III (PA-oligosaccharides g and h) was found. Purified a-1,3/4-fucosidase did not hydrolyze PA-oligosaccharide a. There was no protease activity toward the substrate (the oxidized B chain of insulin) according to the HPLC results, which showed no peak other than the peak of the substrate. General Properties. The enzyme activity was maximum at about pH 5.5 ( Fig. 2A) , and the enzyme was stable in the pH range of 4.0-7.0 when kept at 40C for 16 h (Fig. 2B) . The activity was maximum at 50'C under the standard assay conditions. The enzyme retained 80% activity when kept at 50'C for 30 min.
Substrate Specificity of Lacto-N-biosidase. Lacto-Nbiosidase activity toward 1 mM p-nitrophenyl-f3-lacto-Nbioside was 684 milliunits/mg, but this enzyme did not hydrolyze p-nitrophenyl-p8-lactoside or p-nitrophenyl-,6-cellobioside (data not shown). Lacto-N-biosidase readily hydrolyzed PA-oligosaccharides a and i, which had type 1 structure (Fig. 3 and Table 1 ). The elution position of the labeled reaction product of PA-oligosaccharide a was the same as that of PA-lactose on HPLC with an amino-silica column (Fig. 3A) , and the elution position of the labeled reaction product of PA-oligosaccharide i was the same as that of PA-oligosaccharide k on HPLC with a C18-silica column (Fig. 3C) or with an amino-silica column (data not shown).
The hydrolysis of PA-oligosaccharide i was slower than that of PA-oligosaccharide a ( Table 1 ). The enzyme did not hydrolyze PA-oligosaccharides b andj, which contained only the type 2 structure (Fig. 3 B and D and Table 1 ). PAoligosaccharides c, d, e, and f were completely resistant to hydrolysis by the enzyme (Table 1) . The enzyme preparation used here contained some a-1,3/4-fucosidase activity, so PA-lactose was obtained when PA-lacto-N-fucopentaose II (PA-oligosaccharide g) was treated with the enzyme, and PA-lacto-N-neotetraose was obtained when PA-lacto-Nfucopentaose III (PA-oligosaccharide h) was treated with the enzyme. For that reason, 0.1 M L-fucose was added to the reaction mixture to inhibit a-1,3/4-fucosidase activity when the enzyme was incubated with PA-oligosaccharide g or h.
The enzyme activity toward PA-oligosaccharide a was not inhibited by L-fucose. The enzyme did not hydrolyze PAoligosaccharides g and h in the presence of L-fucose ( Table 1) . The relative activities toward PA-oligosaccharides g and h were 2% or less, as calculated from the incubation time (20 min), the amount of the enzyme used (0.24 microunits), and the detection limit for PA-oligosaccharides by HPLC (0.05 pmol). This enzyme did not hydrolyze Lea and Lex pentasaccharides, so the Lea structure may be easily distinguished from the Lex structure by use of lacto-N-biosidase and a-1,3/4-fucosidase (10, 14, 15) . The enzyme did not hydrolyze PA-poly-N-acetyllactosamine (data not shown). These results showed that the enzyme specifically hydrolyzed the oligosaccharides with a type 1 structure at the nonreducing terminus, releasing Gal and GlcNAc. Because the enzyme had no P-N-acetylglucosaminidase activity toward p-nitrophenyl-GlcNAc and PA-oligosaccharides c and 1, the enzyme may release the disaccharide from the nonreducing terminus of PA-oligosaccharides a and i. Characterization of Products. To elucidate the reaction products of lacto-N-biosidase, the structures of the enzyme reaction products were analyzed in detail with PAoligosaccharide i as the substrate. The reaction mixture was pyridylaminated and analyzed by HPLC with an amino-silica column (Fig. 4A ). There were two peaks of PA-oligosaccharides: fractions 1 and 2. The elution position of fraction 1 was the same as that ofthe PA-disaccharides Galj3l-3GlcNAc-PA and GalI81-4GlcNAc-PA, and the elution position of fraction 2 was the same as that of PA-oligosaccharide k. The amounts of these two products, calculated from the peak areas of fractions 1 and 2, were identical to the amount of PAoligosaccharide i. These results show that the two oligosaccharides in fractions 1 and 2 were produced from PAoligosaccharide i and that the only linkage in the substrate was cleaved by the enzyme reaction. The fractions were separated by HPLC with the preparative amino-silica column and then digested with two 3-galactosidases as described in Materials and Methods. By digestion with (-galactosidase from bovine testes, with its wide substrate specificity, fraction 1 was converted into a smaller saccharide with an elution position coincident with that of standard PA-GlcNAc (Fig.  4B) . Fraction 1 was completely resistant to digestion with diplococcal (-galactosidase, which specifically hydrolyzes Gal31-4GlcNAc linkages (Fig. 4C) . These findings show that fraction 1 was Gal(-GlcNAc-PA and that its linkage was not (314. By digestion with both /-galactosidases, fraction 2 was converted into a smaller oligosaccharide with an elution position coincident with that of PA-oligosaccharide m (Fig. 4  D and E) . The same results were obtained by HPLC with a Cl8-silica column (data not shown). Thus, fraction 2 might be PA-oligosaccharide k. The structures of fractions 1 and 2 were checked by mass spectrometry (Fig. 5 ) and 1H NMR spectroscopy (Fig. 6 ). For fraction 1 (Fig. SA) , the molecular ion (M + H)+ was observed at m/z 462, indicating that this was the PA-derivative of the disaccharide hexose-Nacetylhexosamine-PA. For fraction 2 (Fig. SB) , the molecular ion (M + H)+ was observed at m/z 1720, indicating that this was the PA-derivative of the nonasaccharide (hexose)5-(Nacetylhexosamine)4-PA. Fig. 6 shows the 1H NMR spectra of standard Gal(81-4GlcNAc-PA (A) and Gal,81-3GlcNAc-PA (B). The chemical shifts for the anomeric protons and the acetyl groups of Gal(B1-3GlcNAc-PA were about the same as those of Gal,81-4GIcNAc-PA, but the 'H NMR spectrum of fraction 1 (Fig. 6 C and D) had signals at 3.5-4.0 ppm that were identical to those of Gal31-3GlcNAc-PA (Fig. 6B) . Signals at 4.1-4.2 ppm, characteristic of Gal(31-3GlcNAc-PA, were also observed in the 1H NMR spectrum of fraction 1. These results show that fraction 1 was Gal,81-3GlcNAc-PA. The chemical shifts for fraction 2 and those for PAoligosaccharide k (16) were in good agreement. Thus, fraction
